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To define the genetic diversity among Mycobacterium avium isolates from human immunodefi- 
ciency virus-infected patients, specimens were cultured prospectively, and isolates obtained from 
14 patients (4 with positive blood, stool, and sputum; 6 with positive blood and stool; 3 with 
positive blood only; and 1 with positive stool only) were studied. Both serotyping and ribotyping 
had limited ability to discriminate among isolates from different patients, whereas the distinctive 
restriction fragment profiles resolved by pulsed-field gel electrophoresis indicated that each pa- 
tient was infected by a unique strain. Of the 13 bacteremic patients, 2 were bacteremic concur- 
rently with 2 distinct strains. The fact that M. avium isolates from AIDS patients exhibit consider- 
able genetic diversity supports the hypothesis that the infection is acquired from various 
environmental sources. Further, individual patients are not infrequently bacteremic with >1 
strain simultaneously, which may need to be considered in protocols for the diagnosis and man- 
agement of M. avium disease. 

Disseminated infections due to organisms of the Mycobac- 
terium avium complex (MAC) have emerged as one of the 
most common opportunistic infections among patients in 
the advanced stages of human immunodeficiency virus 

(HIV) infection [1, 2]. MAC organisms are ubiquitous in the 
environment [3], but attempts to define the source of clinical 
infection and the route of acquisition have been hampered 
by the limited controlled data evaluating specific risk factors 
and by the lack of laboratory techniques for discriminating 
among individual isolates. Analyses of MAC strains using 
commercially available gene probes indicate that >90% of 
invasive isolates obtained from patients with AIDS are M. 
avium, whereas respiratory isolates from non-AIDS patients 
with chronic pulmonary infection are often Mycobacterium 
intracellulare [4-6]. Serotyping studies confirm these results 
but can resolve only 10 different serovars of M. avium, of 
which 4 account for the majority of isolates from patients 
with AIDS [6]. Thus, although serotyping is useful for defin- 

ing broad epidemiologic trends, it has limited discriminatory 

power. Hampson et al. [7] analyzed MAC isolates for restric- 
tion fragment length polymorphisms (RFLPs) detected on 
Southern blots. Most isolates (73%) from patients with AIDS 
had, independent of serotype, markedly similar RFLP pat- 
terns, which differed from those detected in isolates from 
non-AIDS patients. These results were interpreted as sug- 
gesting that the majority of isolates infecting AIDS patients 
represented a restricted subset of MAC, possibly a single ge- 
netic lineage or clone. 

In 1991, we initiated a prospective study of MAC infec- 
tion in patients infected with HIV. To complement the clini- 
cal and epidemiologic analyses, we evaluated three methods 
for typing or differentiating MAC isolates-serotyping, ribo- 

typing, and the use of pulsed-field gel electrophoresis 
(PFGE) to resolve macrorestriction fragment polymor- 
phisms [8]. We describe the evaluation of MAC isolates from 
the first 14 patients in our study who had positive cultures of 
blood, stool, sputum, or a combination of two or all three. 

Methods 

Subjects. Patients were recruited from the inpatient and am- 
bulatory services of Dartmouth-Hitchcock Medical Center 
(DHMC) and Boston City Hospital (BCH), including the AIDS 
Unit at Mattapan Hospital (Boston). Patients were eligible if 
they were infected with HIV, as indicated by a positive serologic 
test, and had a peripheral blood CD4 lymphocyte count of 
<200/mm3. At entry into the study, all subjects had blood, 
stool, and, when obtainable, sputum sampled for mycobacterial 
culture. Blood was processed using the lysis-centrifugation tech- 
nique (Wampole Laboratories, Cranbury, NJ); stool and spu- 
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tum were processed using conventional microbiologic proce- 
dures [9]. All specimens were cultured onto 7H 10 agar plates. 
For each specimen growing mycobacteria, 3 individual colonies 
were picked, subcultured, saved, and analyzed as independent 
isolates. 

Microbiologic and serologic analysis. Each mycobacterial 
isolate was characterized using species-specific DNA probes 
(Gen-Probe, San Diego). Isolates were serotyped by J. Crawford 

(Mycobacteriology Laboratory, Centers for Disease Control and 
Prevention [CDC], Atlanta) [10]. 

DNA preparation. Chromosomal DNA was prepared in agar 
plugs using a variation of previously reported procedures [8, 11 ] 
with specific modifications to optimize the isolation of DNA 
from mycobacteria. Isolates were grown in 7H9 broth supple- 
mented with 0.5 M sucrose, 0.05% Tween 80, 0.2% dextrose, 
and 10% oleic acid-albumin. Bacteria were incubated to A600 Of 
0.2 at 370C on a rotator; then ampicillin (0.1 mg/mL, final 

concentration), D-cycloserine (1.0 mg/mL), and D-threonine 

(1.0 mg/mL) were added to the cultures, and incubation contin- 
ued for another 12 h. After centrifugation at 4'C, cells were 

resuspended in 50 mM TRIS and 0.5 M sucrose, pH 7.6, at '/so 
of the culture volume. The cell suspension was frozen in dry 
ice-ethanol and then thawed. Subsequently the cells were 
mixed with an equal volume of 1.3% InCert agarose (FMC Bio- 
Products, Rockford, ME) in TES buffer (50 mM TRIS, 250 mM 
EDTA, 200mM NaCl, pH 7.6) and aliquoted into plug molds. 

Subsequent treatments with lysozyme and proteinase K were 
done as described [8, 11]. 

Southern blot analysis (ribotyping). To prepare DNA in so- 
lution, agarose plugs were washed in TE buffer (10 mM TRIS, 
0. 1 mM EDTA, pH 7.6), transferred to a dry microfuge tube, 
melted by incubation for 10 min at 60-650C, equilibrated at 

40oC, and treated with 0.5 units of 3-agarase (New England 
Biolabs, Beverly, MA) at 400C for 1 h, followed by incubation 
at 60'C for 1 h to inactivate the enzyme. The DNA in solution 
was then digested with PvuII (New England Biolabs) according 
to the manufacturer's recommendations. The digests were elec- 

trophoresed in 0.8% agarose horizontal gels under constant field 
conditions and transferred to Duralon-UV membranes (Strata- 
gene, La Jolla, CA). Southern blots were probed with the cloned 
rrnB operon from Escherichia coli prepared and labeled as previ- 
ously described [12]. 

PFGE. DNA in agarose plugs was digested with AseI (New 
England Biolabs) following the manufacturer's instructions and 
then electrophoresed at 200 V for 22 h at 150C in a CHEF 
DR-II apparatus (Bio-Rad Laboratories, Richmond, CA) with 
pulse times of 1-40 s, ramped linearly. These conditions were 
chosen to optimize the separation of fragments in the range of 
40-600 kb. The gels were then stained with ethidium bromide 
and photographed with UV light. 

Results 

The study began 18 April 1991; as of 1 December 1991, 
25 subjects were enrolled at DHMC and 48 subjects at BCH. 
As of 1 January 1992, there were 4 patients from DHMC and 
10 patients from BCH with positive mycobacterial cultures; 
all isolates were identified as M. avium. (An additional 

Table 1. Demographic and clinical characteristics of 14 patients 
infected with M. avium. 

No. of 
Patient characteristic patients 

Male sex 12 

Age (years) 
20-29 3 
30-39 7 
40-49 4 

Risk factor for human immunodeficiency virus infection 
Intravenous drug use 5 
Male homosexual contact 5 
Both I 
Other 2 
Unknown 1 

CD4+ cell count (/mm3) 
150-101 1" 
100-51 0 
50-11 5 
10-1 8 

Previous AIDS diagnosis 14 
Sites with positive culturet 

Stool only 1 
Blood only 3 
Blood and stool 6 
Blood, stool, and sputum 4 

Alive 5 months after culture 5 

* Blood and stool samples from this patient were cultured; only stool was 
positive. 

t Blood samples were obtained from 14/14 patients, stool samples from 
12/14, and sputum samples from 10/14 for culture. At least 2 of the 3 sites 
were cultured for each patient. 

DHMC patient with negative blood and stool cultures had a 
sputum isolate that proved to be a Mycobacterium gordonae 
and was excluded from the analysis.) Among these 14 pa- 
tients, 13 were bacteremic, including 3 with only positive 
blood cultures, 6 with positive blood and stool cultures, and 
4 with positive blood, stool, and sputum cultures (table 1). 
One patient had a positive stool culture for M. avium and 
negative blood cultures. 

The demographic characteristics of the culture-positive pa- 
tients reflect those of other HIV-infected patients in the 
United States (table 1). All subjects had prior diagnoses of 
opportunistic infections or malignancies meeting the CDC 
criteria for AIDS. At the time of positive M. avium cultures, 
the median peripheral blood CD4+ lymphocyte count was 

10/mm3. Six patients were receiving antibiotics with activity 
against mycobacteria, including ethambutol (4 patients), ri- 
fampin (3), amikacin (3), ciprofloxacin (3), isoniazid (2), 
clofazimine (2), and rifabutin (1). Overall, 5 patients sur- 
vived 5 months after entry into the study; only 1 patient 
survived > 1 year. 

Our initial analyses involved 1 isolate from each of the 14 
patients, specifically, 1 colony from each of the 13 positive 
blood cultures plus I colony from the fecal specimen that 
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Table 2. Serotype and ribotype of clinical isolates of M. avium 
obtained from human immunodeficiency virus-infected patients. 

Isolate* Ribotype Serotype 

1009-B-1 B 9 
101I-B-1 A 8 
1025-B-1 A NT* 
1028-B-1 C 4 
1031-B-i B 8 
1047-B-1 A 4 
1056-B-1 A NT 
1061-B-1 A NT 
1062-B-1 A 8 
1064-B-1 B NT 
5002-B-1 B 4 
5026-B-1 A 6 
5047-B-1 A 4 
5049-F-1 A 12 

NOTE. NT, nontypeable. * Isolate number is patient number (first 4 digits), culture source (B = 

blood, F = feces), and colony number. Examples of each ribotype pattern 
are illustrated in figure 1. 

represented the only positive site in that patient. Of these 14 
isolates, 4 were serovar 4 and 3 were serovar 8, and serovars 
6, 9, and 12 were represented by 1 isolate each (table 2); 4 
isolates were nontypeable. Southern blot analysis to deter- 
mine ribotypes detected a single PvuII restriction fragment 
for each isolate (figure 1), consistent with previous reports 
that mycobacteria have only a single ribosomal operon [13]. 
Three distinct restriction fragment polymorphisms were re- 
solved (figure 1). The most common, designated ribotype A, 
was represented by 9 of the isolates, ribotype B by 4 isolates, 
and ribotype C by 1 isolate (table 2). There was no associa- 

Patient number 

8"o 0 0 0 0 00 0 

Figure 1. Autoradiograph of 
Southern blot of PvulI digests of 
chromosomal DNA from clinical 
isolates of M. avium obtained 
from human immunodeficiency 
virus-infected patients. Blot was 
probed with radiolabeled rrnB7, 
a cloned E. coli ribosomal 
operon. Restriction fragment 
polymorphism demonstrated by 
isolates 1011, 1025, 1047, 1056, 
1061, 1062 was designated ribo- 

type A; that of 1009 and 1031, 
ribotype B; and that of isolate 
1028, ribotype C. All isolates 
were obtained from blood. 

Patient number 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

kb 
674 - 

361 - 

260 - 

175 - 

117- 

76 - 

Figure 2. Pulsed-field electrophoresis agarose gel resolving Asel 
restriction fragments of DNA from clinical isolates of M. avium 
obtained from human immunodeficiency virus-infected patients. 
Each lane is isolate obtained from different patient. All isolates 
were obtained from blood except for patient 5049 (fecal) and pa- 
tient 5040 (sputum isolate of Mycobacterium gordonae included for 
comparison). Patients 1009-1064 were enrolled in Boston; pa- 
tients 5002-5049 were enrolled in Hanover (NH). 

tion between serotype and ribotype. Serovar 4 was detected 
in isolates with all three ribotype patterns; serovar 8 was 
found in isolates with ribotypes A and B. 

For PFGE analysis, mycobacterial DNA was digested with 

AseI; each isolate yielded - 20 restriction fragments of 10- 
700 kb (figure 2). Each of the 14 isolates examined had a 

distinctly different restriction fragment profile, indicating 
that every patient was infected with a unique strain. The 2 
most similar isolates (figure 2, patients 1064 and 5002) had 
- 11 of 20 fragments of the same apparent size; these isolates 
were epidemiologically unrelated, having been obtained 
from patients at different study sites. There were no con- 
served restriction fragments present among the 14 isolates. 

To confirm that the PFGE patterns were stable during in 
vitro handling of the isolates, subcultures were prepared 
4-12 weeks apart from the primary stock cultures, and these 
subcultures were used to make two independent DNA prepa- 
rations. This was done for stock cultures representing 8 indi- 
vidual colonies; in each instance, the replicate DNA prepara- 
tions gave identical PFGE profiles. 

To evaluate the diversity of infection within individual 

patients, additional PFGE analyses were done. First, we ana- 

lyzed the diversity among separate colonies cultured from 
individual specimens. For each of the 13 bacteremic pa- 
tients, all 3 colonies saved independently from the blood 
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Source: 

Colony #: 

Blood Feces Sputum 
1 2 3 1 2 3 1 

kb 
674 - 

361 - 

260 - 

175 - 

117- 

76 - 

Figure 3. Pulsed-field electrophoresis agarose gel resolving AseI 
restriction fragments of DNA from M. avium isolates obtained from 
different sites of 1 patient (1047). Each lane represents indepen- 
dently saved colony cultured from source indicated. Restriction 
profiles for sputum colonies 2 and 3 were identical to that for spu- 
tum colony 1 (data not shown). 

cultures were examined. For each of 11 patients, all 3 blood 
colonies had the identical PFGE profile (figure 3) or, in a few 
instances, differed by only a single band shift consistent with 
a single genetic event, such as a point mutation, insertion, or 
deletion (as demonstrated among the fecal colonies in figure 
3: colony 2 vs. colonies 1 and 3). Given the extensive diver- 
sity among isolates from different patients, such minor varia- 
tions were considered consistent with variation within a 
given strain. There was no apparent correlation between 
these changes and variations in the in vitro morphology of 
different colonies from the same patient, including pigmen- 
tation and transparent or opaque appearance (data not 
shown). Thus, for each of 11 patients, the 3 blood colonies 
were interpreted to represent a single strain. 

In contrast, for each of 2 bacteremic patients, 1 of the 
blood colonies had a completely different PFGE profile from 
the other 2 colonies (figure 4, colony 2 vs. colonies 1 and 3). 
These profiles differed as much as independent isolates from 
different subjects and indicated that these 2 patients were 
each bacteremic with 2 distinct strains of M. avium. For 6 
patients, all 3 colonies saved from stool were examined. In 5 
of the stool specimens, a single strain was identified for each 
patient; 1 patient had 2 different strains in the stool. For 2 
patients, all 3 respiratory colonies were analyzed; within 

these specimens, there was 1 strain per patient. Overall, 
PFGE analysis of 69 M. avium colonies obtained from 28 
specimens of 14 patients identified 17 distinct strains. 

In subsequent PFGE studies, colonies isolated from differ- 
ent specimens obtained from the same patient were com- 
pared. As noted above, 10 patients had M. avium cultured 
from both blood and at least one other site. Within each 

patient, the same strain was present at each site. That is, at 
least 1 of the 3 colonies isolated from the blood culture repre- 
sented the same strain that was found among the colonies 
recovered from stool and sputum specimens (figure 3, all 
blood, fecal, and sputum colonies represent the same strain; 
figure 4, blood colony 2 and all fecal colonies represent the 
same strain). Thus, for all 10 patients, we explicitly docu- 
mented clonally disseminated M. avium infection, with each 
patient having a strain involving multiple sites. 

Serotyping studies were also done on multiple colonies 
from the same patient. For 8 of the patients infected with a 

single strain as resolved by the PFGE analysis, the same sero- 
type was identified in the 2-6 colonies obtained from one or 
more sites in each patient. For each of 2 other patients in- 

Source: 

Colony #: 

Blood Feces 
1 2 3 1 2 3 

kb 
674 - 

361 - 

260 - 

175 - 

117- 

76 - 

Figure 4. Pulsed-field electrophoresis agarose gel resolving AseI 
restriction fragments of DNA from M. avium isolates obtained from 
different sites of 1 patient (1031). Each lane represents indepen- 
dently saved colony cultured from source indicated. Blood colony 
2 and fecal colonies I and 3 represent 1 strain; blood colonies 1 and 
3 represent different strain. 
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fected with a single strain, 2 colonies gave the same serotype, 
but a third colony was nontypeable due to autoagglutination. 
For one of the patients bacteremic with 2 different strains as 
resolved by PFGE, both strains were serovar 8. For the other 

patient, 1 of the bacteremic strains was serovar 6 and the 
other was serovar 8. 

The patients with polyclonal bacteremia had no distinc- 
tive demographic or clinical features. One was being treated 
with rifabutin, clofazimine, and ethambutol; the other was 

receiving isoniazid alone as prophylaxis for tuberculosis. 
Both patients died within 4 months of entry into this study, 
as did the majority of our patients infected with M. avium. 

Discussion 

Precise definition of the epidemiology and mode of trans- 
mission of infectious bacterial diseases requires both detailed 
clinical and epidemiologic data and an effective method for 

differentiating among strains of the organism. The analysis 
of multiple isolates from each infected patient can also pro- 
vide insights into the pathogenesis of infection [8, 14]. Effec- 
tive bacterial typing systems should meet the criteria of type- 
ability, reproducibility, and discriminatory power [15]. 

Serotyping has been one of the most widely applied tech- 

niques for distinguishing among bacterial isolates of particu- 
lar species. Among MAC strains, 28 serotypes have been 
identified [6]. With the development of species-specific 
DNA probes, 10 of these serotypes have been identified as 

representing M. avium [ 16]. MAC infections in patients with 
AIDS are almost exclusively due to M. avium and typically 
represent only a subset of the known serotypes [5, 17]; in 
addition, some isolates are nontypeable. Serotyping has pro- 
vided insights into the pathogenesis of M. avium infection 
and into broad epidemiologic trends, but it has insufficient 

discriminatory power to unambiguously resolve detailed epi- 
demiologic studies. Serotyping of our strains indicated a pre- 
dominance of serotypes 4 and 8, as is frequently observed 

among isolates from HIV-infected patients. Further, in this 

study, examination of multiple colonies of the same strain 
revealed appreciable phenotypic variation in agglutination 
reactions; however, more comprehensive chemical identifi- 
cation of the serodominant sugars as described by Tsang et 
al. [6] was not done. 

The difficulties in discriminating among strains by pheno- 
typic assays has stimulated interest in DNA-based typing sys- 
tems. Plasmid analyses have proven useful in short-term epi- 
demiologic studies but may be confounded by the inherent 
variability ofplasmids as extrachromosomal elements and by 
their relatively frequent selective acquisition or loss due to 
environmental factors. Meissner and Falkinham [18] re- 
ported that MAC isolates obtained from HIV-infected pa- 

tients appear more likely than environmental strains to carry 
plasmids, but, to date, plasmid analyses have not been used 
in clinical epidemiologic studies. 

Hampson et al. [7] characterized MAC isolates by analyz- 
ing Southern blots of chromosomal DNA digested with PvuII 
[7]. Isolates from AIDS patients had highly similar RFLP 

patterns, which differed from those detected in isolates from 
non-AIDS patients. These results suggested that the isolates 

infecting patients with AIDS represented a restricted subset, 
possibly a single genetic lineage or clone, of MAC. This 

study was limited in that the probe used represented a ran- 

domly cloned and incompletely characterized DNA frag- 
ment obtained from a strain of Mycobacterium paratubercu- 
losis and was hybridized with the MAC isolates at relatively 
low stringency. In the current study, we examined 14 M. 
avium isolates for RFLPs associated with the ribosomal oper- 
ons [19]. While ribotyping has proven useful for studying 
clinical isolates of E. coli and other species, this approach was 
not effective at differentiating among the M. avium isolates. 

Only three ribotypes were resolved among the isolates stud- 
ied, and over half of the isolates had the same pattern. Simi- 
lar results were obtained in preliminary studies using differ- 
ent restriction enzymes (data not shown). The limited 

discriminatory power of ribotyping for resolving mycobacte- 
rial strains may reflect the fact that the genus has only a 

single ribosomal operon [13] compared with six or more 

operons among Enterobacteriaceae. 
PFGE is derived from conventional, constant-field electro- 

phoresis but can resolve molecules orders of magnitude 
larger [20]. By using restriction endonucleases that cut chro- 
mosomal DNA infrequently, the bacterial genome can be 

digested into a limited number of relatively large restriction 

fragments that can be resolved by PFGE as discrete bands, 
thus providing a restriction profile representing the entire 
chromosome in a single gel. In molecular epidemiologic stud- 
ies of other bacterial species, PFGE analyses have proven 
highly discriminatory and able to resolve isolates that were 

indistinguishable by serotype, antimicrobial susceptibility, 
and ribotype [8, 21, 22]. PFGE has been used to define spe- 
cies and subspecies relationships among mycobacteria, in- 

cluding MAC [23, 24], and recently to analyze isolates of 

Mycobacterium fortuitum and Mycobacterium tuberculosis 

[25, 26]. 
The results presented here demonstrate that PFGE is a 

highly effective technique for differentiating among strains 
of MAC. All isolates were typeable, that is, suitable DNA 
could be obtained and digested and the restriction profiles 
resolved. The results obtained were highly reproducible, 
with respect to both in vitro and in vivo variability. Finally, 
the PFGE-based analysis of MAC isolates proved to have 
exceptional discriminatory power and enabled us to resolve 
that every patient had at least 1 unique strain and that 2 of 
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the 13 bacteremic patients had 2 distinct strains among iso- 
lates cultured simultaneously from blood. 

Previous analyses based on serotyping have described 
HIV-infected patients from whom MAC isolates of different 
serovars were cultured concurrently from different sites [6, 
27]. In those reports, the authors have been unable to resolve 
whether the divergent isolates from nonsterile sites were clin- 

ically significant or represented casual environmental con- 
tamination. There have been isolated case reports describing 
HIV-infected patients with simultaneous systemic infection 
with 2 different Mycobacterium species [28-30]. Our study 
indicates that among patients with AIDS, polyclonal bacter- 
emia with 2 M. avium strains simultaneously is not uncom- 
mon. Because of the relative difficulty of working with myco- 
bacteria, we saved only 3 colonies per positive specimen. 
Consequently, we may have underdetected the frequency of 

polyclonal infection in these patients. 
These observations have several important implications. 

First, there is considerable genetic diversity among the MAC 
strains isolated from patients infected with HIV. The diver- 

sity resolved here is comparable to that seen among E. coli 
isolated from patients with urinary tract infection [8]. The 
results of the present study are compatible with the hypothe- 
sis that each patient is infected with unique MAC strains 
obtained from environmental sources [6]. The strains infect- 

ing patients with AIDS may represent a subset(s) ofM. avium 
characterized by as yet unidentified virulence factor(s), but if 
so, the data presented here indicate that such a subset is not a 

tightly restricted genetic lineage or "clone." 

Further, the resolution of multiple strains of M. avium 
within individual patients has implications for considering 
the pathogenesis of disseminated infection [14]. The polyclo- 
nal bacteremias demonstrated here may simply reflect the 

development of sequential infections in seriously compro- 
mised hosts. Alternatively, invasive infection may have been 
initiated by 2 strains simultaneously, possibly as the result of 
synergistic interactions between pathogens. If the environ- 
ment is the source of the organisms, then exposure to multi- 
ple environmental isolates, either simultaneously or sequen- 
tially, is not rare, at least for some individuals. The presence 
of multiple strains within a patient may also have implica- 
tions for clinical and laboratory protocols related to the diag- 
nosis and treatment of M. avium infection. Although the re- 
lationship between antimicrobial susceptibility and 
treatment efficacy remains particularly controversial for this 
disease, there is increasing potential for defining specific regi- 
mens for individual patients. Susceptibility testing of only a 
single colony may fail to detect the presence of a second, 
more resistant strain. Further, emergence of and selection for 
multiply resistant organisms may be more likely if, at the 
time of diagnosis, there is concurrent infection with several 
strains. PFGE-based analysis of serial isolates from patients 

with persistent, disseminated M. avium infection should be 
useful in resolving such questions. 
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